Dynamic phosphorus MR-spectroscopic ( 31 P-MRS) examinations during muscle exercise allow non invasive assessment of changes in the concentrations of phosphocreatine (PCr) and inorganic phosphate (Pi), which are associated with the energy consumption in muscle and may alter in different pathological conditions. This work describes a low leg ergometer enabling defined loading of human calf muscle during spectroscopic measurements with online adjustment of exercise conditions. This set-up was evaluated with repetitive examinations in a whole-body 3 T MR-scanner during isometric load of the calf muscle of two male volunteers. As indicated by variations of ergometer pedal deflections below 2% and by low variations of the spectroscopic parameters (variation of PCr, Pi and pH time courses below 7%), the applied interactive load adjustment provides a high standardization of experiments and, therefore, a high reproducibility of physiological measurements.
Introduction
Dynamic phosphorus MR spectroscopic ( 31 P-MRS) examinations during and after muscle exercise allow noninvasive assessment of different metabolic parameters, such as phosphocreatine (PCr), inorganic phosphate (Pi) or tissue pH value. These metabolites and their changes in the active muscles are directly associated with muscle physiology and may be altered in different pathological conditions [1] or affected by training effects [2] . However, a reliable evaluation of these parameters requires an appropriate standardization of experimental conditions (e.g., load strength and duration). This work describes the evaluation of dynamic 31 P-MRS in calf muscles during exercises performed by means of a lower leg ergometer, which enables interactive monitoring of load parameters to allow for realtime adjustment of experimental conditions. Fig. 1 shows the home-built ergometer, which is designed for dynamic and isometric loads of the calf muscles in an MR scanner environment. The foot pedal can be deflected by maximally 35°. A pneumatic piston with adjustable air pressure is directly linked to the pedal to generate a graded force counteracting the pedal deflection. The pedal is fixed to an adapter plate, which contains a support frame for the leg fixation consisting of two V-like angulated plates. A shaft in the support frame allows flexible placement of a surface MR coil with respect to the desired region of interest in the calf muscle. To avoid movements during examinations, the lower leg and foot are strapped to the adapter plate and pedal by belts. Integrated sensors in the pedal record pedal deflection and applied foot force. Using a self written MATLAB graphical user interface, the time courses of pedal deflection and force can be visualized online and evaluated with respect to the time points of the MR data acquisition captured by means of MR scanner triggers. By using MR-suitable digital video goggles (Resonance Technologies Inc., USA), the time course of the pedal sensor data can be immediately presented to the examined person enabling a visually navigated adjustment of load parameters (deflection or force).
Methods

Ergometer
Figure 1
Ergometer set up consisting of leg support frame with surface MR coil (1), foot pedal with angle and force sensors (2) and adapter plate (3).
31 P-MRS data acquisition and quantitation
Application of the described experimental workflow was evaluated with repetitive 31 P-MRS measurements during isometric load of the calf muscle of two male healthy volunteers (27 and 32 years old). For each volunteer, the experiments were performed four times at separate days within two weeks. The air pressure in the piston was set to 1 bar for all measurement sessions. All MR data were acquired in a whole-body 3 T MR scanner (TIM Trio, Siemens Healthcare, Erlangen, Germany) by using a double tuned surface coil for RF transmission and signal detection ( 1 H/ 31 P, diameter: 80 mm, Rapid Biomedical GmbH, Germany). The position of MR coil was controlled by markers on the leg. An FID-sequence without volume selection (TR = 5 s, manual shimming) was used to acquire dynamic series of 160 31 P-MR spectra (512 sampled complex FID data points, sampling bandwidth 2 kHz). After acquisition of 64 spectra during rest, the volunteer was instructed to deflect the pedal by 20° and hold this position for 3 minutes (36 load spectra). The person controlled the pedal position by observing the time course of pedal deflection via the presentation goggles. Finally, the remaining 60 spectra were measured during rest again. The overall examination time amounted approximately 30 min. Prior the quantitation, all spectra were corrected for zeroand first-order phase errors, frequency shifts as well as baseline distortions by using a self written MATALB program. The intensities of PCr and Pi were quantified in single spectra by using the AMARES method (Advanced Method for Accurate, Robust and Efficient Spectral fitting, [3] ), which is included in the jMRUI 4.0 software package [4] . Relative intensities of PCr and Pi were calculated for all examinations individually, by normalizing the absolute intensity values with the corresponding mean PCr rest intensities, obtained by averaging the results of first 30 spectra. The PCr time courses after muscle load were fitted with the monoexponential function: The pK Pi gives the logarithmic equilibrium constant of Pi (pK Pi = 6.7 in muscle) and constants δ A and δ B denote the chemical shifts between Pi and PCr of protonated and unprotonated forms of Pi, respectively (δ A = 3.23 ppm and δ B = 5.7 ppm). Fig. 2 shows a representative dynamic series of 160 single spectra, that were acquired prior and after (black curves) as well as during (red curves) the isometric load. The peaks of PCr (at 0 ppm), Pi (at 5.2 ppm) and ATP (at 2.5 ppm, 8 ppm and 16.5 ppm) are labeled by green legends. As indicated by high SNR and low line widths of PCr peak in single pre-load spectra (mean SNR: 19±1; mean linewidth: 13±3 Hz), the data quality was sufficient for a reliable determination of PCr and Pi intensities. Changes in PCr and Pi intensities are clearly visible in the spectra during muscle load, together with a shift of the increased Pi signal towards the PCr peak, indicating a decrease in pH.
Results
Figure 2
Representative series of 160 single spectra, that were acquired in the calf muscle prior and after (black curves) as well as during (red curves) the performing isometric exercise on the ergometer. . Curve colors indicate the data from four separate examinations. For each examination, the absolute PCr and Pi intensities were normalized with the corresponding mean rest PCr value, obtained by averaging results of first 30 spectra. The artifacts in the pH time course of red colored data of volunteer 1 (see the left part of (e)) can be ascribed to the weak Pi intensity and its erroneous quantitation after the muscle load. Similar artifacts are obvious for all post exercise data in volunteer 2.
Discussion
As indicated by the low variation of PCr, Pi and pH changes detected during the exercises at different days, the interactive adjustment of load conditions improves the reproducibility of spectroscopic parameters and therefore provides a more reliable evaluation of muscle physiology. In our ergometer, the monitoring of pedal deflection seems to be better suited to adjust the load, since it stays more robust than the applied foot force, whose time courses revealed higher variations during the exercise, potentially due to the foot movements. However, this hypothesis has to be proved in further experiments, since the force time courses were not used in the present study for load control. In contrast to the highly reproducible changes of PCr, Pi and pH during the exercise, the time constants of postexercise PCr recoveries (T PCr ) reveal substantial variation between the volunteers (inter-individual) as well as between the different examinations (intra-individual). The inter-individual differences may be ascribed to the different volume fractions of slow oxidative (type I) and fast glycolytic fibers (type II) with different mitochondria densities, which affect the PCr recovery rate (T PCr,Typ I > T PCr,Typ II , [6] ). Since the monoexponential function that was used to fit the PCr recovery course does not provide the separation between muscle fibers, the extracted time constants represent only an average between T PCr,Typ I and T PCr,Typ II . However, lower mean T PCr of volunteer 1 indicate for a higher fraction of type II muscle fibres than in the volunteer 2. The intra-individual variation may be more ascribed to experimental uncertainties such as differently pronounced ischemia in calf muscle due to the tautly clamped belts that were used to fix the leg. These effects may be avoided using softer supply of MR coil on the leg, for example by using soft pads. Finally, slight variations of leg position relative to the MR coil in different examinations may also be responsible for the intra-individual variation of post-exercise PCr recovery rates. However, this should be less relevant for the observed effects, since coil position was controlled by markers on the leg. In conclusion, the results demonstrate the advantage of individual adjustment and interactive control of exercise conditions during dynamic acquisitions of 31 P-MR spectra in calf muscles. Further improvements may be achieved by adaptation of leg fixation in the ergometer. Work in this direction is currently underway in our lab.
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